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Abstract

Magneto-chiral dichroism (MChD), a fascinating manifestation of the light-matter
interaction characteristic for chiral systems under magnetic fields, has become a well-
established optical phenomenon reported for many different materials. However, its
interpretation remains essentially phenomenological and qualitative, because the existing
microscopic theory has not been quantitatively confirmed by confronting calculations
based on this theory with experimental data. Here we report the experimental low-
temperature MChD spectra of two archetypal chiral paramagnetic crystals taken as model
systems, tris(1,2-diaminoethane)nickel(Il) and cobalt(Il) nitrate, for light propagating
parallel or perpendicular to the ¢ axis of the crystals, and the calculation of the MChD
spectra for the Ni(I) derivative by state-of-the-art quantum chemical calculations. By
incorporating vibronic coupling, we find a good agreement between experiment and
theory, which opens the way for MChD to develop into a powerful chiral spectroscopic
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tool and provide fundamental insights for the chemical design of new magneto-chiral
materials for technological applications.

Introduction

More than 200 years ago, Arago discovered the rotation of light polarization in chiral
quartz crystals.(/) Inspired by Faraday’s discovery of the apparently similar magnetically-
induced optical rotation,(2) Pasteur tried, unsuccessfully, to induce chirality in crystals by
growing them under a magnetic field.(3) Over the years, subsequent attempts at using a
magnetic field to induce chirality have all failed.(4) This is because chirality and magnetic
fields correspond to the breaking of two different fundamental symmetries, mirror
symmetry and time-reversal symmetry respectively, and have no direct link.

Nonetheless, an effect that corresponds to the simultaneous breaking of both symmetries
does exist. It was first predicted to take the form of a difference in absorption and
refractive index for unpolarized light traversing the chiral medium parallel or antiparallel
to an applied magnetic field (B), and to be of opposite sign for the two enantiomers.(5—7)
The prediction of this fundamental interaction, named Magneto-Chiral Dichroism
(MChD),(8, 9) was experimentally validated in 1997.(/0) It has been used to
photochemically favor one of the two enantiomers of a racemic mixture in a magnetic
field with unpolarized light,(//) thus providing a possible mechanism for the
homochirality of life.(/2, 13) Since then, MChD has been observed across the whole
electromagnetic spectrum from X-rays(/4, 15) to microwaves,(/6) for dia-, para- and
ferromagnetic chiral materials.(/7, 18) Magneto-chirality has also been generalized to
other domains, like electrical conductivity(/9, 20) and sound propagation,(2/) underlining
the universality of this effect. Magneto-chiral effects, being intrinsically non-reciprocal,
have also raised a large interest in the context of topological materials, like Weyl semi-
metals(22) and in all materials with a strong spin-orbit coupling.(23)

The microscopic theory for the Faraday effect and magnetic circular dichroism (MCD)
was one of the early successes of quantum mechanics,(24-26) yielding an expression for
the difference 4n between the complex refractive indices of the medium for left- and
right-circularly polarized light propagating parallel to a static magnetic field B of the form

Anyep(w,B) « B(A- f(w) + (B+ C/kT)g(w)) (1)

where o is the frequency of the light and f'and g are dispersive and absorptive line shape
functions, respectively. The different terms on the right-hand side of equation 1 can be
associated with different effects of the magnetic field on the electronic system; the lifting
of degeneracy of ground- or excited-state levels (A term), the mixing of electronic
wavefunctions (B term) and the change in the population of formerly degenerate ground-
state levels (C term). This well-established theory has allowed MCD to develop into a
powerful spectroscopic technique,(27) applied to a large range of systems in physics,
chemistry and biology, ranging from atoms to metalloenzymes, leading to the industrial
development of magneto-optical media for data storage.

Barron and Vrbancich (BV) developed the corresponding microscopic theory for MChD,
resulting in an analogous expression for the difference Anmcip between the complex

refractive indices of the medium for unpolarized light propagating parallel or antiparallel
to the field,(8) of the form
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where for all XP* terms XP = -X! i.e., they change sign with the handedness of the
medium (D, dextro and L, laevo). The X1 terms correspond to electric dipole-magnetic
dipole contributions whereas the Xz terms correspond to electric dipole-electric
quadrupole contributions and the same magnetic field effects outlined above for MCD
underlie the different A, B and C terms in MChD.

Although MChD has now been experimentally observed in different types of materials, no
quantitative comparison of experimental results with the microscopic BV theory has been
made so far. From the experimental side, the determination of accurate MChD spectra in
the presence of the generally much stronger natural circular dichroism (NCD) and MCD
effects is challenging. Some MChD calculations, based on the BV theory, have been
reported for small molecules, but they have not been compared to experiments, the
predicted values being beyond current experimental sensitivity.(28)

In order to bring our quantitative understanding of MChD to the same level as that of
NCD and MCD, and to underpin the potential of MChD as a chiral spectroscopy tool, we
have selected two well-characterized paramagnetic chiral materials, with clearly identified
optical transitions, tris(1,2-diaminoethane)metal(Il) nitrate [M'(dae)3;]J(NO3)2 (M = Ni**
(1), Co*" (2); dae = 1,2-diaminoethane). These tris-chelated octahedral enantiopure
complexes (Figure 1) are obtained by spontaneous resolution during crystallization and
crystallize in the chiral P6322 space group. Below 109 K, the two enantiomers of 1
undergo a reversible phase transition in two enantiomorphic space groups, namely P6122
for 1-A and P6522 for 1-A,(29) while the two enantiomers of 2 maintain the P6322 space
group down to 4 K.(30) The magnetic properties of 1 and 2 have been recently
investigated, revealing a typical paramagnetic behavior of octahedral " (n = 7, 8) metal
ions with a moderate to high axial zero-field splitting for the nickel(II) and cobalt(II)
derivatives, respectively.(30)

We have measured their low temperature absorption and MChD spectra in the 4 K-16 K
range, both parallel and perpendicular to the optical axis. In this temperature range, the
experimental MChD spectra turn out to be entirely dominated by the Ci terms (Eq. 2),
identified by their temperature dependence, thereby greatly reducing the computational
effort required to calculate the spectrum and increasing the accuracy of the results.

The BV theory expresses the electric dipole-magnetic dipole Ci term and the electric
dipole-electric quadrupole Cz term of Eq. 2 as a sum over transition moments between the
electronic wavefunctions of the ions, perturbed by their ligands. We have calculated these
transition moments, including the vibronic coupling contributions, for the Ni(Il) derivative
with state-of-the-art quantum chemical methods, using optimized geometries based on
experimental X-ray structures.

Results

Magneto-Chiral Dichroism measurements. MChD measurements were performed in the
440-1100 nm spectral window on single crystals of 1-A, 1-A and 2-A, 2-A and the light
wavevector k parallel to the magnetic field, the ¢ crystallographic axis aligned parallel
(axial) or perpendicular (orthoaxial) to the magnetic field, in the temperature range
4.0-16.0 K (Figure 2).
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Figures 2a and 2b show the MChD spectra AAycnp = (A(B 1L k) — A(B 11 k)/B with
the magnetic field B and light wavevector k orthogonal to the ¢ crystallographic axis for
the two enantiomers of 1 and 2, respectively, for several temperatures. MChD spectra with
equal intensity and opposite signs for the two enantiomers are obtained. 1 shows a strong
MChD signal composed of two contributions centered at 4 = 840 and 965 nm,
respectively, and a very weak contribution around 520 nm. 2 shows three strong MChD
signals centered at A =474 nm, 532 nm and 960 nm, the lowest energy contribution being
the most intense. The intensity of the various MChD signals, for both 1 and 2, varies
linearly with the inverse of the temperature and linearly with the magnetic field strength,
as illustrated by the insets of Figure 2a and Figure 2b. The observed 1/T temperature
dependence of the MChD strength confirms the dominance of the C terms of the BV
theory. The calculations show that for this case, the electric dipole — magnetic dipole
contribution dominates, i.e., Ci1 >> Ca.

MChD measurements were also performed with the magnetic field B and light wavevector
k parallel to the c crystallographic axis for the A enantiomer of 1. As shown in Figure 3a,
the MChD spectra for 1 highly depend on the relative orientation of k and c. The two
contributions of the strong MChD signal of 1 have the same sign in the orthoaxial
configuration whereas they are of opposite sign in the axial configuration (Figure 3a).
Moreover, two weak MChD signals at 4 = 730 and 780 nm are better evidenced in the
axial configuration.

Magneto-Chiral Dichroism calculations. The results of the calculations of the MChD
spectrum for 1 for both axial and orthoaxial orientations are shown in Figure 3b, with and
without the vibronic coupling. Very good agreement with the experimental MChD spectra
is obtained only when the vibronic coupling is included. Although the ligand-field
transitions are not Laporte forbidden in D3 symmetry, the local distortions from the
octahedral parent symmetry around the metal ion are not large, and consequently the
purely electronic contributions to the MChD spectrum are minor. Note that substantial
deviations from experimental intensities are not uncommon in the quantum theoretical
modeling of spectra, and expected, given the approximations (see SI) that were necessary
in the computational model for the complex (the BV equations themselves were not
approximated further). Figures S1 and S2 in the Supplementary Material show that the
experimental relative band intensities of the orthoaxial absorption spectra and NCD
spectra shown in Figure 2c, and the experimental absorption spectra for axial and
orthoaxial light propagation,(37) are also correctly reproduced by our calculations (albeit
with overall too high intensity), which further validates the theoretical approach.

Discussion

Compounds 1 and 2 show particularly strong MChD signals resulting from specific
electronic d-d transitions falling in the Vis-NIR spectral window whose intensity is mainly
associated to electric-dipole and vibronic contributions of the D3 molecular symmetry
group.26-28

By referring to the electronic spectrum of 1 (*Az ground state, Figure 2c), it appears that
the strongest MChD signals are associated to the absorption band centered at 4 = 853 nm
(orange line in Figure 2c) which is assigned to the spin-allowed *T2(°F) < 3Ax(°F)
transition. Under D3 symmetry, the T2 term splits in the A1 + E terms. Such splitting,
that does not allow to experimentally distinguish two separate absorption bands, is
associated to two separate MChD signals, the lowest in energy changing sign upon
passing from the orthoaxial to the axial configuration. The strong intensity of these two
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MChD signals can be associated with the electric dipole and vibronic allowed character of
both 3A1 <~ 3Az and °E <« 3A: electronic transitions, and the magnetic dipole allowed
character of the parent *T2(°F) < 3A2(°F) transition, which is reflected by its high natural
circular dichroism (NCD) (dashed lines in Figure 2c).

The absorption spectrum of 1 shows an absorption band at 4 = 780 nm (green line in
Figure 2c) as a shoulder to the 4 = 853 nm band, which is assigned to the 'E('D) «
3A2(°F) spin forbidden transition. This band, which is clearly identified by spectral
deconvolution of the absorption spectrum (Figure 2c), provides a low contribution to the
MChD spectrum, which is convoluted in the broader and stronger MChD signal resulting
from the lower energy absorption. Accordingly, this spin-forbidden transition only weakly
contributes to the NCD.

The weak MChD observed in the 500-600 nm spectral region is instead associated to the
intense absorption at 4 = 530 nm (magenta line in Figure 2¢), which is assigned to the
3T1(’F) « 3A2(°F) spin-allowed electronic transition. Under D3 symmetry the *T| term
splits into the Az + 3E terms. Only the °E <— >A> component is electric dipole allowed (o
or xy polarized) but the experimental observation of a quite intense and broad band also in
the spectrum recorded with k parallel to the ¢ axis (axial configuration, & or z polarization)
suggests that this band is mainly vibronic in nature.(3/) Its MChD intensity is weak,
although non-zero, in agreement with the magnetic dipole forbidden character of this
transition, while its non-zero NCD has been associated to the mixing of the ’E states in a
trigonal ligand field.

Finally, the absorption at A = 468 nm (blue line), which is assigned to the 'A1(!G) «
3A2(°F) spin-forbidden electronic transition, does not provide a detectable MChD signal,
in agreement with is negligible contribution to the NCD. This electronic transition gains
intensity by mixing through spin-orbit coupling with nearby spin-allowed transitions. Prior
density functional calculations of the absorption and NCD spectrum have confirmed these
considerations and identified the motion of the first-coordination sphere [NiN¢] unit as the
main source of vibronic coupling when compared to the complex periphery.(32)

The MChD signals of 2 are associated to its “T1 ground state electronic spectrum (Figure
2d).(33) The strongest MChD signal is associated to the absorption at A = 960 nm (orange
line) which is assigned to the “T2(*F) < *T1(*F) spin-allowed electronic transition, which
is electric dipole allowed. However, the temperature dependence of its intensity suggests
significant vibronic effects.(3/) The high MChD response is in agreement with the
magnetic-dipole allowed character of this transition, which also results in a high NCD
response.

The sharp and intense MChD signal at 4 = 532 nm (green line in Figure 2c) is associated
to the 2T1(*P) < “T1(*F) spin-forbidden electronic transition. This spin-forbidden band is
associated to a high spin-orbit coupling character, which explains its comparable intensity
with spin-allowed transitions both in terms of electronic absorption and MChD,
considering its intrinsically lower rotational strength.(31, 34)

Finally, an additional strong MChD signal is found at A = 474 nm and associated to the
“T1(*P) < *T1(*F) spin-allowed electronic transition (magenta line in Figure 2c). As for
the *“T2(*F) < *T1(*F) transition, this electric dipole allowed transition shows significant
vibronic effects and, being magnetic dipole allowed, shows a high NCD response.

Science Advances Manuscript Template Page 5 of 16



223
224
225
226
227
228
229

230
231
232
233
234
235
236
237
238
239
240
241
242

243
244
245
246
247
248
249
250
251
252
253
254
255
256

257
258
259
260
261
262
263

264
265
266
267
268

Overall, these results are in very good agreement with the nature of the originating
electronic transitions, their intrinsic rotary strength, and the spin-orbit coupling character.
This is highlighted by the stronger MChD signal associated to the T2 <~ *T: transition of
2 with respect to the T2 <— A transition of 1 although the rotatory strength is lower, and
by the high MChD intensity of the spin-forbidden *T1 «— *T transition of 2, with respect
to the 'E «<— 3A» of 1. However, the impact of the vibronic coupling on MChD signals
remains difficult to evaluate exclusively from experimental data.

The calculations for 1 confirm the assignments of the electronic states underlying the
observed spectral bands. Without vibronic coupling, the calculated spectra (Figure 3b) are
in strong disagreement with the experimental spectra. On the contrary, when vibronic
coupling contributions are included in the calculations, they agree very well in shape and
intensity with the experimental ones for both orthoaxial and axial configurations. This
crucial influence of vibronic coupling is reinforced when considering the high energy part
of the spectra: the MChD contributions associated to the vibronic band in the 500-550 nm
range (calculated) and observed at slightly lower energies (520-600 nm) appear only when
the vibronic coupling contribution is included in the calculations, in agreement with the
experimental assignments. The calculated intensity and the shape of these signals are not
accurately reproduced in the experiments most probably because even a slight mis-
orientation of the crystal leads to mixing of axial and orthoaxial contributions of opposite
sign.

The calculations thereby confirm the long-standing assumptions(3/) that most of the
intensity of the ligand-field spectrum of these materials is not purely electronic, but mostly
vibronic. Interestingly, when the vibronic coupling (VC) contributions are included, the
absorption spectrum (Figure S2) is not strongly anisotropic—in agreement with the
experiments—but the MChD spectrum clearly is. In the intense, long-wavelength part of
the spectrum, VC not only strongly enhances the intensity of all the bands, it also correctly
flips the sign of the 853 nm band. The calculations also show that the MChD C term
vanishes in the absence of spin-orbit coupling (SOC), which is analogous to the MCD C
term for orbitally non-degenerate ground states, and that the contributions from the
electric quadrupole transition moments (i.e. C2) are negligible. Unfortunately, we had to
postpone attempts to calculate the vibronic MChD spectrum of 2 because of severe
computational scaling issues caused by the large number of spin doublet states needed for
the combination of VC and SOC. Results for 2 and other systems will be presented in
follow-up studies.

To provide quantitative information about the MChD in these compounds, we exploited
the anisotropy factor gycnp = (2 AAycnp/A) /B, whose values are summarized in Table
1. It should be highlighted that the absence of a clear separation between the *A; < A
and *E < 3A, absorptions for 1 and their superposition with the spin-forbidden transition
centered at A = 780 nm do not allow to accurately calculate gmchp for these transitions and
the values reported in Table 1 should thus be considered only as an estimate. For 2, gmchp
values can be determined unequivocally, and these will be discussed below.

Overall, the gmchp values of 2 follow the trend observed for the gnep values that can be
estimated from the literature data (Figure 2) of ca. 0.58, 1.54, 1.34, for the highest to the
lowest energy absorptions, respectively. The values of gmchp are remarkably high for the
“T2(*F) < *T1(*F) and *T1(*P) < *“T1(*F) transitions of the octahedral Co(II) metal center,
being of the order of ca. 0.20 T-!. On the basis of the theoretical calculations performed on
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the Ni(Il) derivative, the origin of the gain in intensity for these two signals can be
deduced: the lowest energy contribution most likely gains intensity because it is associated
to a high vibronic and magnetic-dipole character of its electronic transition (see
above),(31) while the signal associated to the spin-forbidden transition gains intensity
thanks to its high SOC,(37, 34) the two fundamental ingredients that are required to
theoretically reproduce the experimental data.

It is informative to compare these gmchp values with those reported in the literature. They
are higher than those recently observed, for the most MChD active transitions of a
magnetically ordered molecular canted antiferromagnet based on a octahedrally Mn(III)
ions, axially elongated by a Jahn-Teller distortion (gmcnp = 0.12 at magnetic
saturation).(35) As 2 is a simple paramagnet, our results indicate that even larger magneto-
chiral anisotropies may be obtained if enantiopure Co(II) centers are introduced in a
magnetically ordered system to take advantage of the proportionality between the MChD
and the magnetization of the system.(/7) Larger MChD can also be expected for
paramagnetic metal centers with larger SOC, like the second and third row transition
metals or lanthanides and actinides. These results also suggest that the “structural
ingredient” that permits the observation of such strong MChD signals is the first-
coordination sphere metal-centered helical chirality of the chromophore, a structural
feature that has been rarely encountered so far in the molecular compounds investigated
for their MChD response.(36) Indeed, although it has been demonstrated that strong
MChD signals can also be observed by introducing second coordination sphere chiral
features, (35, 37), the MChD response is stronger in the presence of first coordination
sphere chiral features.

In summary, we have experimentally and theoretically investigated the magneto-chiral
dichroism of two model systems, tris(1,2-diaminoethane)nickel(Il) and its cobalt(Il)
analogue. Very strong MChD signals have been experimentally observed and associated
with the metal ions’ absorption bands. Their temperature dependence is characteristic for
C terms in the BV theory. Good agreement is found with calculations of such C terms,
thereby confirming for the first time this part of the BV theory.

The role of crystalline anisotropy in MChD is highlighted both in our experiments and
calculations. These results identify the fundamental role of vibronic coupling in the overall
intensity and shape of the MChD spectrum of transition metal complexes apart from the
already recognized role of spin-orbit coupling. Clearly, the combination of metal-centered
helical chirality and slight octahedral distortion of the D3 symmetry induces the right
deviation from non-centrosymmetry that enables a strong MChD effect through vibronic
coupling, as demonstrated by state-of-art MChD theoretical calculations.

Materials and Methods

Materials preparation and characterization. Compounds 1 and 2 are obtained by reaction
of the dae ligand with the respective nitrate metal ion salts under dry nitrogen or argon
using standard glovebox or Schlenk techniques, according to published procedures. (30,
31, 33, 34) Crystallization provides in both cases hexagonal-shaped single crystals
elongated along the ¢ axis of typical 4.0 x 2.0 x 2.0 mm dimensions. X-ray diffraction
analysis has been used to verify the crystal structure and the absolute configuration of each
measured single crystal. Typical Flack parameters were 0.006(8), 0.01(5), 0.005(5) and -
0.001(7).

Magneto-chiral dichroism spectroscopy. MChD spectra were recorded with a home-made
multichannel MChD spectrometer operating in the visible and near infrared spectral
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window (420-1600 nm) between 4.0 and 300 K with an alternating magnetic field B up to
2.0 T amplitude. A detailed description of the measurement apparatus has been reported
elsewhere.(38)

Magneto-chiral dichroism calculations. The BV theory expresses the electric dipole-
magnetic dipole Ci term and the electric dipole-electric quadrupole C> term of Eq. 2 as

1
c, = ] Z €apy Z mé, Re[uﬁjm}fﬂ]
a,By n

w
€ =gz, D, mham3ul, 00 — u6fF

af n

Here, d is the degeneracy of the ground state (GS), n represents one of the components of
the GS, j is an excited state that may or may not be a component of a degenerate level,

m%,j,uf{,j, and OZ’].B are matrix elements of the Cartesian components a,f,y of the

magnetic dipole moment, the electric dipole moment, and the traceless quadrupole
moment operators, respectively, and €, is the Levi-Civita tensor. The BV theory was
developed for an isotropic ensemble of arbitrarily oriented molecules and the expression
above represents an average over the rotations of the molecule relative to an arbitrary
fixed direction of the static magnetic field. The Cartesian index a of mj;,, defines the
direction of the static field, which is averaged over in the previous expressions. Therefore,
the MChD intensity for light propagation along direction «, parallel to the magnetic field,
and relative to a fixed molecular orientation, must be given by three times the contribution
from my ,, in the isotropic MChD equation.

For the calculations, we determined the excitation frequencies and the complex transition
moment matrix elements from relativistic multi-reference wave function calculations with
SOC, using a developer’s version of OpenMolcas(39) as explained in the Supplementary
Material. The Ci were determined from the wave function data for a pre-set absolute
temperature, using a code developed in-house as an extension of a previous development
for MCD C term calculations from the same type of wave function data.(40, 41) The
extensions comprised the ability to calculate MChD for purely electronic transitions as
well as the capability for generating the corresponding vibronic transitions and their
associated moments. The resulting data were then multiplied by the line shape functions of
the BV theory, using an empirical level broadening I of 0.003 Hartree (658 cm™') for the
transitions. In reference to Eq. (2), the line shape functions are given as

wl"j

wrl';j
91(@) = @) s o g2(w) = —w )

2_,,2Y2 4 )22
(w - )4+w I;
for a resonant transition with circular transition frequency wj.

The theoretical methods for calculating Herzberg-Teller vibronic absorption spectra within
the chosen methodological framework have been introduced elsewhere,(42—44) and were
generalized for the present MChD calculations. See the Supplementary Information for
further details.
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557  Figures
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MII
559 - -
560 Fig. 1 Molecular structure of the investigated systems. View of the molecular structure
561 of A-[M"(dae)s]*" (left) and A-[M"(dae)3]** (right) (M" = Ni, Co) complex cations.
562 Color codes: red, M"; blue, N; gray, C; white, H. Nitrate anions are omitted for
563 clarity.
564
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567 Fig. 2 Experimental MChD, NCD and absorption Spectra. Orthoaxial AAmchp spectra
568 for A and A single crystals of 1 (a) and 2 (b) for several temperatures. The inset in
569 panel a shows the MChA strength as a function of the magnetic field strength, the
570 straight line is a fit. The inset in panel » shows the MChA strength as a function of
571 the inverse temperature, the straight line is a fit. Absorption spectra (points) versus
572 irradiation wavelength for single crystals of 1 (¢) and 2 (d) in orthoaxial
573 configuration. The spectral deconvolution analysis (solid lines) and NCD spectra T’
574 = 80 K (dashed lines) are also shown.
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Fig.3 Comparison between experimental and calculated MChD spectra.
Experimental AAmcnp spectra for a single crystal of 1-A in axial and orthoaxial
configuration (a), corresponding calculated AAmchp spectra (b) and calculated
AAwmchp spectra with only Cz terms (note change in scale) (c).
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591

Table 1. |AAmchp| and absorption coefficients (A) obtained through visible light

absorption spectroscopy with (|JAAmcnp|) and without (A) applied alternate
magnetic field on single crystals of compounds 1-A and 2-A (T = 4.0 K) in
orthoaxial configuration.

Compound | A (nm) | electronic |AAmcnhp| A (em™) | gmenp
transition (cm! T1) (TH
1 967 3T2(°F) < 3A2(°F) ] 0.23 4.48 0.10
836 3T2(F) « 3A2(°F) | 0.66 15.34 0.09
780 'E('D) « °A2(’F) | N.D. 2.15 N.D.

530 3Ti1CF) < *A2(F) | 0.01 9.08 0.002
468 'A1(!G) < 3A2CF) | 0.00 0.28 0.00
2 960 ‘To(*F) « *T1(*F) | 0.84 8.70 0.19
532 2T1(*P) « *TW(*F) | 0.59 6.48 0.18
474 ‘T1(*P) < *T1(*F) | 0.45 17.20 0.05
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